Abstract. Reversine (RV) is the synthetic purine identified from a protein kinase-based screen of purine mimetics and it has been shown to induce muscle myoblast differentiation into progenitor cells that can be further converted into other cell lineages. Since protein kinases play a pivotal role in cell cycle control, we hypothesize that RV might affect the proliferation of cancer cells. Herein we report that RV inhibited growth of cultured human tumor cells, respectively, PC-3, HeLa, CWR22Rv1, and DU-145 cells, and induced accumulation of polyploidal cells with ≥4N DNA content. However, RV was without effect on growth of normal prostate epithelial cells. RV-treated PC-3 cells showed enlarged nuclei and an estimated 100-fold increase in cell size. Moreover, PC-3 cells treated with RV for 2-4 days were accompanied by a marked increase in the expression of p21 WAF1 , a modest elevation in the levels of cyclin D3 and CDK6 and concomitantly, also a substantial reduction in cyclin B and CDK1. These results suggest that RV may induce polyploidy and increase in cell size by up-regulating p21 WAF1 and cyclin D3/CDK6, while simultaneously suppressing the expression of cyclin B and CDK1.
Introduction
Reversine [2-(4-morpholinoanilino)-6-cyclohexylaminopurine, herein referred to as RV, Fig. 1A ] is a novel synthetic purine recently discovered at Scripps Research Institute (1) . RV was identified from a murine cell-based screen of chemically synthesized heterocyclic purines aimed at revealing information on the molecular pathways in cell specialization. These studies resulted in the proposal that RV may have regenerationinductive potential (1) . Since identification of RV utilized assays targeting the modulation of protein kinases as the functional read-out (1) , and because kinases play a pivotal role in cell cycle control, it is possible that RV might affect the proliferation of cancer cells. We tested this hypothesis by adding RV to cultured human tumor cells. We found that sub-μM RV inhibited growth of PC-3, HeLa, CWR22Rv1, and DU-145 cells with accompanying accumulation of polyploidal cells showing ≥4N DNA content, but had no effect on normal prostate epithelial cells. Exposure of PC-3 cells to RV for 2-6 days resulted in nuclei enlargement and an estimated 100-fold increase in cell size. Measurement of cell cycle regulatory cyclins, cyclin-dependent protein kinases and their inhibitors in treated PC-3 cells showed that RV significantly increased the expression of p21 WAF1 and also modestly elevated the levels of cyclin D3 and CDK6. In contrast, RV-treated PC-3 cells showed lowered temporal expression of cyclin B and CDK1, with little to no commensurate change in levels of G 1 /S and S phase regulatory protein molecules. Collectively, these results suggest that RV may act preferentially on malignant cells, via mechanisms encompassing the induction of polyploidy, expansion of cell size, and repeated rounds of S and Gap phases. The observed cellular effects of RV may in part attribute to its ability to up-regulate p21 WAF1 and cyclin D3/CDK6 and concomitantly, to suppress cyclin B and CDK1.
Materials and methods
RV was purchased from Calbiochem (St. Louis, MO) and was prepared as a 1 mM stock in dimethyl sulfoxide and kept at -20˚C. PC-3, DU-145, HeLa and CWR22Rv1 cells were from American Type Culture Collection (ATCC, Rockville, MD). Cryopreserved and cultured prostate epithelial cells were obtained from Cambrex.
Cell cultures. Cultured human tumor cells were maintained as described previously (2, 3) . Normal human prostate epithelial cells were cultured in prostate epithelial cell basal media supplemented with Clonetics PrEGM TM bullet kit, as recommended by the manufacturer.
Cell proliferation. Cultured cells were incubated with increasing doses of RV and harvested at various times posttreatment. Measurement of cell proliferation and viability was as detailed in (4) while effects of RV on PC-3 cell clonogenicity was determined as described previously (5 
Preparation of whole cell extracts and Western blot analysis.
Whole cell lysates were prepared by freeze/thaw cycles, as previously reported (5, 7) . Separation of proteins and immunoblot analysis using antibodies against cyclin D1 and D3, cyclin E, cyclin A, cyclin B1, CDKs 2/4/6, CDK1, and p21 WAF1 , and with signal for actin as control for protein loading, were as previously described (5, 7) . Results are presented as densitometrically quantified, ß-actin-adjusted specific immunoreactive signals and are representative of two to three independent experiments.
Results
RV suppressed proliferation of tumor cells but had no effect on growth of normal prostate epithelial cells. We determined the effects of RV on growth of human tumor cells. Increasing doses of RV were added to asynchronously growing cells for 2 days and proliferation was measured using the trypan blue exclusion assay. Typical results observed are illustrated using PC-3 cells (Fig. 1B-E) . RV significantly suppressed PC-3 cell proliferation in a dose-dependent manner, with 0.25 μM being sufficient to elicit a 50% decrease (Fig. 1B) . Results of time course studies using 1 and 5 μM RV are shown in Fig. 1C . Untreated PC-3 cells proliferated rapidly, with growth peaking on day 4. The growth suppressive effects of either dose of RV were clearly evident on day 2 and persisted throughout the duration of the six-day experiment. To obtain information on the mechanisms for the observed anti-proliferative effects of RV, we analyzed cell cycle phase distribution changes by flow cytometry. Fig. 1D and E show flow cytograms for the distribution of DNA content in control and 1 and 5 μM RV-treated cells. At first glance, the results suggested that RV induced cell accumulation in G 2 /M, with 1 and 5 μM RV apparently eliciting a ≥2-fold expansion in the percentage of cells in the G 2 /M phase (Fig. 1D ). Since diploid G 2 /M and tetraploid G 1 cells cannot be identified separately based on differences in DNA content alone, the fluorescent intensity of cells from the RV-treated cultures was measured at lower photomultiplier sensitivity (voltage) in order to demonstrate the full range of changes in DNA content distribution, including hyperdiploid cells. Notably, this refined flow cytometric approach enabled ascertainment of polyploidy by gating cells with DNA content above that of G 2 /M (4N) cells as revealed on DNA content frequency histograms (6) . Fig. 1E and F show a progressive, time-and dose-dependent increase in ≥4N DNA cycling cells exposed to RV, as compared to 2N/4N DNA content distribution in untreated cells. These analyses revealed that in cultures treated with 1 μM RV, presence of cells with ≥4N DNA content was evident by day 2, and became increasingly more pronounced on days 4 and 6. With 5 μM RV treatment, ≥4N DNA cells already reached a maximum on day 2 and noticeably declined after day 4 (Fig. 1F) . These results suggest that RV induces polyploidy in treated cells.
The ability of RV to affect cell growth and induce polyploidy was also tested in other malignant cell types using the trypan blue exclusion assay and by flow cytometry. Significant suppression of cell proliferation (data not shown) together with an expansion in proportion of ≥4N DNA content, polyploidal cells as demonstrated by flow cytometric analysis were also observed in HeLa, CWR22Rv1 cells, and DU-145 cells after a 2-day treatment with 1 and 5 μM RV ( Fig. 2A-C) .
Since RV resulted in potent inhibition of proliferation and cell cycle control in various human malignant cells, it was of interest to determine whether it also affected growth of non-malignant cells. Accordingly, prostate epithelial cells obtained from commercial sources were incubated with media supplemented with 1 or 5 μM RV and effects on cell cycle distribution were monitored by flow cytometry. Fig. 2D showed that at these concentrations, RV had negligible effect on their cellular DNA content profile.
Induction of polyploidy and cell enlargement in PC-3 cells by RV.
To confirm that RV induces polyploidy, control and RVtreated PC-3 cells were stained with DAPI, visualized, and analyzed by microscopy. Multi-lobed shaped, larger nuclei were found on day 4, 1 μM RV-treated cells (Fig. 3A, right  panel) , compared to the control cells (left panel). Cells treated with 5 μM RV showed stronger DAPI-stained nuclei with multi-lobed shapes (not shown). These results suggest that RV induced the formation of polyploidal cells. Polyploidy was evident at 8 h of exposure to 5 μM RV (not shown) and increased over time, clearly becoming dominant (≥65%) by day 4.
Quantitative morphological and quantitative cell size changes were also observed in RV-treated cells, as analyzed by DIC microscopy ( Fig. 3B and C) . The gross enlargement of RV-treated cells was most vividly illustrated by a dose-and time-dependent increase in measured area, confirming the appearance of 'giant' cells that peaked on days 6 and 4 for 1 and 5 μM RV-treated cells, respectively. Notably, the proportion of 'giant' cells treated with either dose of RV was reduced on day 6, compared to day 2-and 4-treated cells, suggesting that cell viability may be compromised by prolonged exposure to RV (Fig. 3B) . To accurately determine overall cell size changes, multiple DIC image sets of control and RV-treated cells were taken on days 2, 4, and 6, and a mean area was calculated as described in Materials and methods. Statistical analysis showed that on day 4, the mean areas of 1 and 5 μM RV-treated cells were significantly increased compared to the control. For day 6 samples, all doses of RV-treated cells showed a significant increase in cell size. The results of cell size measurements in two separate experiments are shown in Fig. 3C . cycling, and polyploidization. These observations raise the possibility that RV exerts a pronounced modulatory effect on the expression of cell cycle phase regulatory proteins. This hypothesis was tested by quantifying temporal changes in the expression of several cyclins, cyclin-dependent protein kinases and their inhibitors in control and RV-treated PC-3 cells. Robust expression of cyclin D3 occurred on day 2, followed by a precipitous decline on day 4 ( Fig. 4A and B ) and day 6 (data not shown). Treatment by RV did not affect cyclin D3 level on day 2 but attenuated the subsequent time-dependent Expression of cyclins D3, CDK 6, cyclin B1, CDK1, p21 and actin was determined by immunoblot analysis as detailed in Materials and methods, and then quantitatively determined, with actin expression used to adjust for equal protein loading for each of the proteins analyzed. Results shown are representative of two independent experiments. (B) Quantification of temporal changes in cyclin D3, CDK 6, cyclin B1, CDK1, and p21 in control and RV-treated PC-3 cells, using procedures identical to those described in (A). (C) A model for induction of polyploidy by RV. RV is proposed to increase degradation of CDK1/cyclin B1, in coordination with up-regulation of p21 WAF1 , which promote the exit from faulty mitosis followed by entry of cells into the G 1 phase and re-commitment to additional rounds of DNA replication without going through cytokinesis. These changes have the net effect of increasing the propensity of RV-treated cells for mitotic slippage and induction of polyploidy. decline in cyclin D3. A similar result was also observed in CDK6. However, RV treatment had only minimal effect on the temporal expression of cyclins D1, E and CDK2 and 4, as well as on the level of phosphorylated and total Rb (data not shown). Conceivably, the elevation of cyclin D3 and CDK6 on day 4 could enable the RV-treated cells to traverse the G 1 checkpoint for engagement in a new round of DNA synthesis.
Expression of regulatory proteins involved in G 1 , G 1 /S and S phase transition in RV-
We next analyzed the expression of the cyclin B1, which, functioning in complex with CDK1, serves as the switch for entry and transition through mitosis, also known as the M phase. Copious expression of cyclin B1 was found in day 2 followed by a time-dependent decline on day 4 in control PC-3 cells, whereas cyclin B1 level was dose-dependently suppressed by 1 and 5 μM RV on day 2 and more substantially reduced on day 4 ( Fig. 4A and B ) and day 6 (data not shown).
We also measured changes in total CDK1, a key sensor for the G 2 /M phase transition. In control PC-3 cells, CDK1 was maximally expressed on day 2, after which its level vividly declined on days 4 and 6. Treatment by 1 and 5 μM RV slightly increased the expression of CDK1 on day 2, and also accelerated the time-dependent decrease in CDK1 ( Fig. 4A and B) .
Changes in p21 WAF1 were next investigated. As a member of the Cip/Kip family (8), p21 WAF1 has been reported to control DNA endoreduplication and the expression of proteins critical for mitosis (9) (10) (11) . RV treatment resulted in copious, dosedependent induction of p21 WAF1 expression; 1 and 5 μM RV elicited a 3-and 4.5-fold increase in p21 WAF1 levels on day 2 ( Fig. 4A and B) . Long-term exposure to a high dose of RV significantly reduced p21 WAF1 levels. Other CDK inhibitors, e.g., p27 and p16 were not affected by RV (data not shown). The increased expression of p21 WAF1 together with the modest elevation in the levels of cyclin D3 and CDK6, and reduced amount of cyclin B1 and CDK1, supports the interpretation that RV-treated cells may progress from S into G 2 for entry into new rounds of cell cycle without completion of mitosis.
Discussion
RV was identified by Schultz and coworkers in 2004 as a substituted purine that, in murine C2C12 cells, induced their transformation into progenitors that were further directed to undergo osteogenesis or adipogenesis, depending on conditions of the culture media (1). Similar results were reported by Venerando and coworkers who additionally showed that RV converted primary murine and human dermal fibroblasts into myogenic-competent cells, both in vitro and in vivo (12) . However, Jacobson and coworkers failed to show the dedifferentiation properties of RV using the same culture system (13) .
Although the actual mechanisms for the dedifferentiation effects of RV have not been totally elucidated, possible involvement of protein kinases and phosphorylation events was proposed since the identity of RV was based on assays using modulation of protein kinases as the functional readout. Protein kinases play a pivotal role in cell cycle control, suggesting the possibility that RV might affect the proliferation of cancer cells. Therefore, we tested the growth modulatory effects of RV in a variety of human malignant cells. Using asynchronous PC-3 and other cancer cell cultures, we showed that a 2 day exposure to 0.25-0.5 μM RV (Fig. 1B) inhibited cell proliferation and induced polyploidal cell formation, characterized by a progressive enlargement of cell size and nuclei, the prevalence of cells with ≥4N DNA, and uncompleted mitosis. Similar results were also observed in HeLa, CWR22Rv1 and DU-145 malignant cells (Figs. 1-3) . Additionally, RV-treated PC-3 cells showed significantly increased expression of p21 WAF1 , with accompanying, temporal decreases of CDK1 as well as cyclin B1 (Fig. 4) .
Formation of giant polyploidy cells has been most frequently shown in tumors with mutated, inactivated, or totally absent p53, particularly upon exposure to ionizing radiation (6, 14) , and various antitumor agents including taxol, vincristine and nocodazole (15, 16) . Such giant cells can be formed by cell fusion, endoreplication (also known as endomitosis), and by abortive cell cycling (17, 18) . In normal cells, polyploidy may function as an adaptative response to metabolic stress and genotoxic damage. Because of their intrinsic genetic instability, polyploidal cells may also promote aneuploidy, a status that increases the risk for cancer (19) . Notably, polyploidal tumor cells also show increased sensitivity to chemotherapeutic agents or γ-irradiation by facilitating delayed apoptotic or mitotic cell death (6, 20) .
The induction of polyploidy in p53-null PC-3 cells in response to RV may occur by an endoreplication mechanism, i.e., uncoupling DNA replication from cell division as a result of mitotic slippage and/or deficiency in the completion of mitosis. We propose that RV acts by a mechanism involving the accelerated degradation of the complex CDK1/cyclin B1, coordinated with the up-regulation of p21 WAF1 , which promote the exit from faulty mitosis followed by entry of cells into the G 1 phase and re-commitment to DNA replication without cytokinesis. These changes have the net effect of increasing the propensity for mitotic slippage and induction of polyploidy (Fig. 4C ). In the case of PC-3 cells, considered as a model of hormone refractory prostate cancer (HRPC), targeting the G 2 /M phase of the cell cycle by RV may be particularly significant since the G 1 /S checkpoint is largely defective in HRPC cells, thus requiring that the G 2 /M checkpoint take on greater importance for monitoring accuracy and timeliness of DNA replication and repair in order to minimize passing DNA damages to the daughter cells.
On first glance, the proposed mechanism appears to contradict the most extensively studied function of p21 WAF1 as an inhibitor of key cell cycle regulatory cyclin-dependent kinases, which in principle, should serve to impose restrictions on DNA endoreplication. We suggest that the observed p21 WAF1 increase is sufficiently robust to overcome the threshold level required to block S-phase entry and subsequent DNA endoreplication, as well as for the proposed roles of p21 WAF1 in retarding cell growth, inducing abnormal mitosis and endoreduplication (9, 11) , and inhibiting a set of genes involved in mitosis, DNA replication, segregation, and repair (21) .
Induction of p21 WAF1 occurs both by p53-dependent and p53-independent mechanisms. By and large, the timely expression of p21 WAF1 is controlled by the availability of the tumor suppressor, p53 (22) ; however, ample evidence has been obtained showing that p21 WAF1 can also be induced in p53-null cells, via a transcription factor SP1-mediated mechanism (23) . Because of the p53 null status of PC-3 cells, it is likely that induction of p21 WAF1 in response to RV, involves a p53-independent mechanism.
The mechanisms by which RV up-regulates p21 WAF1 remain undetermined. Since RV was identified using a kinase-directed scaffold screen (1), one might surmise that RV may affect the state of phosphorylation and/or dephosphorylation of kinases and phosphatases including ones with an integral role in the expression of p21 WAF1 . In this context, it is notable that the transcription of p21 WAF1 has been shown to coordinate with a number of kinase-mediated signaling pathways. For instance, c-Jun, a co-activator of SP1 in the control of p21 WAF1 transcription (24) , as well as SP1 is known to be regulated by kinases and phosphatases (25, 26) . Studies are currently underway to investigate these possibilities in the up-regulation of p21 WAF1 by RV.
